When a spacecraft lands, the large shock load can lead to undesirable responses, such as rebound and trip. The authors have previously discussed the problem of controlling these shock responses using momentum exchange impact dampers (MEIDs). However, the optimal design parameters of MEIDs for spacecraft landing have not yet been addressed. These parameters are crucial for MEID applications. This paper discusses the parameters of Passive-MEID (PMEID) for a single-axis falling-type problem, which is the most fundamental problem. It is found that the rebound height is proportional to the mechanical energy of the spacecraft. Thus, the optimal design parameters of the PMEID correspond to the parameters that minimize the mechanical energy. A PMEID with the optimal design parameters is called optimal PMEID in this paper. In order to improve the performance of the optimal PMEID, this paper proposes a novel MEID -HMEID (active/passive-hybrid-MEID). The HMEID combines actuators with passive elements such as contact springs. Based on the optimal design results for the MEIDs, this paper applies a stiffness control to the HMEID in order to suppress the mechanical energy further. Simulation studies reveal that the HMEID can effectively reduce the influence of shock responses. The robustness of the HMEID against the landing ground is shown. The feasibility of the HMEID is also discussed. The HMEID is superior to a PMEID, even if the actuator has a dynamics with a large electric time constant.
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Introduction
As part of various exploration missions, lunar exploration spacecrafts need to land in all kinds of regions, including polar regions 1) , high-latitude regions, equatorial regions, the far side of the moon, and so on. The landing terrain is not always flat, and it is sometimes very rocky. Landing on a safe and flat location remains difficult because of problems related to the observation accuracy of the lunar surface and the landing accuracy. When spacecrafts land on unstable terrain, both shock load and tripping are problems that must be considered. In order for a spacecraft to land in any location, landing gear that prevents tripping is indispensable.
High-resolution observations of the lunar surface have been achieved using NASA's Lunar Reconnaissance Orbiter Camera 2) . The spatial resolution of its lunar surface observations is 50 cm/pixel. As this is the highest-resolution observation possible, there are limitations with regard to finding flat and safe landing locations from Earth. In terms of landing accuracy, the Japanese lunar lander called SELENE-2 3) aims for accuracy of less than 1 km 4) . The most accurate landing for a manned exploration is the 170 m accuracy achieved by Apollo 12 5) . However, the most accurate landing of an unmanned exploration is approximately 3 km 6) . Thus, spacecrafts are not likely to land accurately, even if flat and safe locations are found. For these reasons, spacecrafts are often forced to undergo unstable landing; for example, the U.S. unmanned spacecraft Surveyor V landed on the edge of a crater 7) .
The lunar module in the Apollo mission used an aluminum honeycomb material in the cantilever design 8) . This is a mechanism that dissipates shock energy by plastic deformation. Similar mechanisms have been studied using carbon-fiber-reinforced plastics 9) , aluminum foam 10) for landing gear, and so on. Furthermore, some research has explored the deceleration of the spacecraft before landing through momentum exchange to reduce the landing shock 11) .
Hara et al. have focused on the control of tripping and rebound and have proposed the application of a momentum exchange impact damper (MEID) 12) . Its effectiveness has been verified through simulations. However, the optimal design parameters of MEIDs for spacecraft landing have not yet been addressed. Design parameters of MEIDs are the mass of the damper and the contact stiffness between the controlled object and the damper mass. To apply MEIDs to actual problems, it is necessary to investigate the effective design parameters of MEIDs. This paper applies Passive-MEID (PMEID) to a single-axis falling-type problem, which is the most fundamental problem, to conduct theoretical analyses. A PMEID with the optimal design parameters is called optimal PMEID in this paper.
From the viewpoint of increasing the effectiveness of the optimal PMEID, this paper suggests a novel mechanism that uses actuators in combination with passive elements. In this paper, this mechanism is called HMEID (active/passive-hybrid-MEID).
In addition, improved robustness is expected as a result of the feedback control. Thus, the main purpose of this paper is to address the optimal design parameters of MEIDs and to verify the effectiveness of the HMEID mechanism through simulations. The robustness of HMEIDs against the stiffness of the landing ground is shown. To verify the feasibility of HMEIDs, this paper also discusses a case in which the actuator has a dynamics with a large electric time constant.
The actuators for HMEIDs can be electric motors consisting of coils and magnets, thrusters that are generally mounted on spacecrafts, explosives that generate great force by a simple mechanism, and so on. However, the thrusters cannot expel enough mass in a short time, and explosives generate only one-way force. Thus, this paper assumes the use of electric motors. The landings described in this paper resemble experiments conducted on Earth. For this reason, this paper follows the 1/6 G similarity rule 13) , which is derived from lunar gravity, which is one-sixth that of the Earth's.
MEID Mechanisms and Theoretical Analyses

MEID mechanisms
An MEID is, put simply, a mechanism that can be explained by a billiards principle, as shown in Fig. 2 ; that is, the MEID reduces the shock responses of an object by exchanging the momentum of the object with its own momentum. The MEID is comparable to a two-mass system consisting of a controlled object and a mass called a "damper mass."
In Ref. 11, MEIDs can be classified into two types according to the type of mechanism employed for momentum transfer. The first type is the PMEID 14, 15) , which is composed only of passive elements such as linear springs and dashpots. The second is the active-MEID (AMEID) 12, 16, 17) , which includes active actuators. Compared to the PMEID, the AMEID can greatly reduce the influences of shock responses because of its effective momentum exchange through the actuators. The exchange is possible because the actuators induce active repelling forces in both the object and the damper 12) .
MEID models and landing-takeoff phenomena
The MEID mechanism consists of the damper mass that absorbs the momentum and the controlled object. In this paper, the controlled object corresponds to the spacecraft. Fig. 3 (a) shows a simple model that applies PMEID to the single-axis falling-type problem. This model consists of two masses, d m and b m , corresponding to the damper mass and the spacecraft, respectively. d k is the contact stiffness between the damper mass and the spacecraft. The stiffness under the spacecraft, f k , corresponds to the stiffness of the footpad and the landing ground 12) . To conduct a simple analysis as a fundamental study, the model of the landing ground dynamics in this paper does not include viscosity. Effects of viscosity elements will be discussed in the authors' another paper. The nominal parameters for the analysis examples in this paper are summarized in Table 1 . Fig. 3 (b) shows the model with an HMEID that is suggested in this paper. An actuator is mounted in parallel with the contact spring, d k , for assistance with the damper mass repelling force. A more effective reduction in the rebound height is expected as a result of the actuator force. In addition, the repelling force of the HMEID is larger than that of a conventional AMEID 12) because of the contact spring d k .
The landing-takeoff phenomenon of each model in Fig. 3 is separated into the following four phases:
Phase 0: before the landing Phase 1: after landing, before takeoff Phase 2: after takeoff, before damper mass separation Phase 3: after damper mass separation These phase transitions are schematically depicted in Fig. 4 . Here, landing is defined as the first moment that the spacecraft touches the ground. It corresponds to the moment when the absolute displacement of the spacecraft becomes zero [ ) (t x b = 0]. The spacecraft will soon leave the ground and the displacement becomes zero again. This moment is defined as the takeoff. Subsequently, the displacement of the damper mass becomes equal to that of the spacecraft [
This moment is called the damper mass separation. The times of landing, takeoff and damper mass separation are defined as t = 0 t , 1 t and 2 t , respectively. For simplicity, this paper does not deal with events in which the damper mass is separated before takeoff.
State equation of PMEID
The controlled model in this paper is treated as a time-varying model that is changed as a result of phase transitions. The state equation of the PMEID is described as follows:
where "  " denotes the time derivative and generates the corresponding velocities. The matrix
indicates the dynamics of the PMEID model in the phase i .
State equation of HMEID
This paper employs a voice coil motor that possesses the same dynamics with a DC motor for the HMEID actuator. The dynamics is described by a series circuit of RL circuit and inductive voltage as follows: The HMEID dynamics that includes the actuator dynamics shown in Eq. (2) is described by the following state equation:
where the actuator dynamics is described in the fifth row. The elements which denote the influence of the thrust force of the actuator are included in the element 12 a . In phase 3, neither actuator thrust force nor back electromotive force is generated. Thus, the HMEID dynamics of phase 3 is exactly the same as that of PMEID.
Optimization of PMEID
Optimal design parameters
Because this paper applies MEIDs to the single-axis falling-type problem, the rebound height of the spacecraft is evaluated. Based on the model that was introduced in the previous section, this paper quantitatively describes the rebound height. A parameter that minimizes the rebound is then developed.
The terminal state of each phase in Fig. 4 corresponds to the initial state of the following phase. The PMEID model states that x at the moments of landing ( t = 0 t ), takeoff ( t = 1 t ) and damper mass separation ( t = 2 t ) are described as follows:
where 0 v is the landing velocity. Then, phase 1 continues for 0 1 t t  and reaches the takeoff state 1 m
x :
Then, the model moves into phase 2 after takeoff;
later, the damper mass is separated from the spacecraft. The damper mass separation state 2 m
x is described in detail because it will be used in the calculation of the rebound height later. 
In phase 3, after the damper mass separation, the spacecraft is in free fall. The state in this phase is described as follows:
  
Eq. (7) shows that the velocity of the spacecraft becomes zero when
. At this time, the rebound height of the spacecraft peaks. This height corresponds to the rebound height, and is described as follows:
Here, the mechanical energy e M that the spacecraft has at the moment of damper mass separation is described as follows: Hence, the minimization of the mechanical energy e M of the spacecraft at the moment of damper mass separation corresponds to the minimization of the rebound height. Therefore, this paper regards the contact stiffness d k that minimizes the mechanical energy of the spacecraft e M as the optimal design parameter for the PMEID. The PMEID with the optimal d k is called the optimal PMEID in this paper.
PMEID simulations
The condition for the simulations in this section is a free fall from a height of 0.50 m above the ground on Earth. From the 1/6 G similarity rule 13) , the initial position corresponds to a height of 3.0 m above the lunar surface. The PMEID parameters are set to the nominal ones listed in Table 1 . respectively. Fig. 6(a) indicates the response of a spacecraft that weighs 5.0 kg without the damper mass. The peak values of the bold lines correspond to the rebound heights. The rebound height w/o a MEID is 0.50 m, and that w/ the optimal PMEID is 0.233 m. Thus, the rebound height with the optimal PMEID is reduced to 46.6 %. The effectiveness of the PMEID varies with the weight of the damper mass. Fig. 7 shows the relationships between the contact stiffness d k and the mechanical energy of the spacecraft 
Control System Design for HMEID
Control system design using stiffness control
In the discussion so far, a close relationship between the contact stiffness d k and the rebound height of the spacecraft has been demonstrated. To further improve the performance of the optimal PMEID, changing the contact stiffness d k using active elements can be effective. In this section, a method to improve the performance of MEIDs through active control is discussed.
This paper proposes changing the contact stiffness d k according to the transition of the model. The virtual stiffness d k is realized by the HMEID actuator. The virtual stiffness is realized using the following control force:
If we neglect the inductance of the actuator a L , the control input voltage is given by
The HMEID conducts the stiffness control in phase 2 (after takeoff). Then, the HMEID state x .
Simulation of HMEID
The condition of the simulations in this section is as well as in section 3.2, a free fall from a height of 0.50 m above the ground on Earth, and d m , b m and f k of the HMEID are set to the nominal parameters listed in Table 1 . d k is set to specifications are set to those in a previous paper 12) , and are listed in Table 2 . Fig. 8 (a) shows the relationship between the virtual contact stiffness d k and the energies of the spacecraft, e P , e K and e M . The figure configuration is the same as that of Fig. 5 .
The minimum value of the mechanical energy, e M = 0.268 J, appears in the vicinity of the contact stiffness d k = 1.92 × 10 5 N/m. The optimal stiffness of the HMEID is much harder than that of the optimal PMEID. An effective way of suppressing the rebound by HMEID is to set a soft d k before takeoff and to set a hard d k after takeoff. Compared with the initial energy of the spacecraft, 24.5 J, the energy is reduced to 1.09 %, which is a dramatically more effective reduction than that obtained with the optimal PMEID. The time response with the optimal contact stiffness d k is shown in Fig. 8 (b) . The figure configuration is the same as that of Fig. 6 . The rebound height w/ HMEID is 0.012 m. The mechanical energy of the spacecraft at the moment of damper mass separation e M and its reduction percentage are summarized in Table 3 .
Robustness investigation of HMEID
Spacecraft robustness against landing ground variations is an important issue 12) . In the model in this paper, variations in the landing ground are described by the stiffness under the spacecraft f k . This section investigates the robustness of the HMEID against variations in the stiffness f k . Three cases are compared: (a) w/o MEID, (b) w/ the optimal PMEID tuned for the nominal parameter f k = 1.00 × 10 4 N/m and (c) w/ HMEID. Fig. 9 shows the relationships between the stiffness f k and the mechanical energy of the spacecraft, e M . Fig. 9 (c2) is an enlarged version of Fig. 9 (c1) . The figure configuration is the same as that of Fig. 7 . In Fig. 9(a) , the lines show the initial potential energy of the spacecraft, 24.5 J. In Fig. 9 (b) , the minimum mechanical energy appears in the vicinity of the nominal stiffness f k . As well as Fig. 7 , the energies are reduced to 19.7 J, 16.9 J and 11.4 J, corresponding to d  = 3 %, 5 % and 10 %, respectively. A larger damper mass can give a larger reduction in energy. The mechanical energy at the nominal stiffness f k for HMEID, shown in Figs. 9 (c1) and 9 (c2), is reduced to less than 0.7 J. Even if the stiffness f k varies, the mechanical energy is efficiently reduced in Case (c). Thus, the robustness of the HMEID against landing ground variations is verified.
Feasibility investigation of HMEID
If the actuator electric time constant is larger than the required control time, the HMEID might not be well controlled. To verify the feasibility of the HMEID control method, this section discusses a case in which the actuator dynamics includes a larger electric time constant. Fig. 10 shows the required time In the case of Fig. 11 , the HMEID is much more effective than a PMEID if e  is smaller than 1.0 × 10 -1 s. The relationship between HMEID effectiveness and the actuator electric time constant e  is summarized in Table 4 . 
Conclusions
This paper applies momentum exchange impact dampers (MEIDs) to spacecraft landing problem. The effectiveness of MEIDs is theoretically discussed with a single-axis falling-type problem. Based on the fact that the rebound height of the spacecraft is proportional to its mechanical energy, the optimal design parameters for a passive MEID (PMEID) are obtained.
Next, in order to further improve the efficiency of the PMEID, this paper proposes a novel MEID, namely an active/passive-hybrid-MEID (HMEID), which mounts an actuator in parallel with the passive spring. Stiffness control is applied to realize the optimal stiffness of the HMEID in order to minimize the mechanical energy of the spacecraft. The HMEID's superiority to the PMEID is verified through simulations. Its robustness against landing ground variations is also verified. Simulation studies reveal that the HMEID can effectively reduce the influence of shock responses, even if the actuator has a dynamics with a large electric time constant.
